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SUMMARY

Knock-limited nerformance tests of leaded blends of four pure
aromatic hydrocerbons and six pure ethers with a base fuel were
conducted in a full-scale alrcraft-engine cylinder at two operating
conditlions to determine the antiknock effectiveness of additions
of pure compounds to aviation fuels. The following fuels were
tested:

n-Butylbenzense
Isobutylbenzene
n-Propylbenzense
I1-Isopropyl-4-methylbenzene (p-cymens)
Mothyl tert-butyl ether
Ethyl tert—butyl ether
Isopropyl tert-butyl ether
Methyl phenyl ether (anisole)
Ethyl phenyl ether (phenetole)
Methyl p-tolyl ether

Pach of these fuels was blended with a base fuel (87% percent S-4
and 1?% percent n-heptane plus 4 ml TEL/gal) and the final blend

wes leaded to 4.0 ml TEL per gallon. The four aromatics were
blended to a concentration of 25 percent by volume and the ethers
wore blendsd to a concentration of 10 percent by volume in the base
fuel. The base fuel and a frviel conslisting of 85 percent S-4 and
.15 percent M-4 plus 4.0 ml TEL per gallon were also tested sepa-
rately. Curves of 8-4 referernce fuels having lesad concentrations
up to 4.0 ml TEL per gallon were obtained to braoknt most of the
tost-fuel ourves.
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The data obtained from knock tests on a full-scale eircraft-
engine cylinder indicate that:

1. The four aramatic hydrocarbons increased the knock limit of
the base fuel at both operating conditions and p-cymene gave the
greatest increase at all conditions with the exceptlion of 1sobutyl-
benzens, which developed equivalent power in the lean region (0.06
to 0.075 fuel-air ratio) under the modified CRC crulse conditions.

2. The six ethers increased the knock-limited power of the
base fuel at both operating conditions. Methyl tert-butyl ether
gave the greatest increase throughout the normal fuel-alr-ratio
range at the CRC crulse conditions. Methyl tert-butyl ether also
gave the greatest improvemsnt at the modified crulse condltions
except at fuel-air ratios leansr than 0.085 where ethyl tert-butyl
other gave an equivalent incroase in knock-limited performance.

INTRCDUCTION

A goneral investigation to determine the antikmock effective-
ness of additions of pure hydrocarbons and other pure compounds to
alrcraft-engine fuels 1s being conducted by the NACA Cleveland
laboratory. The program includes tests with 17.6, F-3 and F-4
small-scale engines, and a full-acale alrcraft-engine cylinder.

The knock-limited performance of 8 pure paraffins, 2 pure olefims,
and 12 pure eromatics blended and leaded with a base fuel tested

in a full-scale alrcraft-engine cylinder are reported 1n references 1
and 2.

The present report glves the results of knock tests wlth leaded
blends of four pure aromatic hydrocarbons and six pure ethers with
a base fuel at two operating conditions. These tests were run
betwoen Februery and May 1945 in an alrcraft-englne cylinder. ¥F-3
ratings of all the blends and F-4 ratings of the arcmatic blends
are included in this report.

FUELS

The Organic Synthosis Section of the Cleveland laboratory pre-
pared for the full-scale single-cyllinder tests small quantltles
(5 gal of each of the aromatice, 3 gal of each of the ethers) of the
following pure fuels leaded to a concentration of 4.0 ml THIL, per

gallon:
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n-Butylbenzene

Isobutylbengene- - “n
n-Propylbenzene
1-Isopropyl-4-m&thylhenzene (p_-oymne)
Methyl tert-butyl ether :

Ethyl tert-butyl ether

Isopropyl tert-butyl ether

Mothyl phenyl -ether (antsqle)

Ethyl phenyl ether (phene'ﬁole)

Methyl p-tolyl ether

The four leaded a.romtio hydroca.r‘bons were mixed wlith the base
fuel to form blends containing 25 perdent By volume hydrocarbon and
75 percent by volume base fuel and the leaded ethers were mixed
wlth the base fuel to form ]_.O-peroent blends by volume.

The base fuel consisted of 87]—' percent S-4 reference fuel and
12— percent n-heptane leaded to a oonoentra.tion of 4,0 ml TEL per

gallon and was inhibited with 0.09 pound of inhibitor per 500 gal-
lons of fuel. The base fuel used in these tests differed from the
bese fuel used in previous tests (referemces 1 and 2) in that only
pure paraffinic compounds were used. The orliginal base fuel
(reforences 1 and 2), wvhich consisted of 85 percent S-4 reference
fuol and 15 percent M-4 reference fuel leaded to a concentration
of 4,0 ml TEL per gallon, was not used because the emall amount of
aromatics (about 8 percent by volume) present in the M-4 reference-
fuel component of the blend might have soms undesirable effect. A
knock~-limited power level equivalent to the original base fuel was
desired and tests on an F-4 englne 'showed that the bDlend of

87- percent R~-4 reference fuel and 12 percent n-heptane plua
4.0 ml TEL per gallon met this specification.

The reference fuels used to bracket most of the test fuels
were:

8-4

8~4 plus 0,5 ml THEL per gallon
8-4 plus 1,25 ml TEL per gallon
S-4 plus 2,5 ml TEL per gallon
8-4 plus 4.0 ml TEL per gallon
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APPARATUS ARD METH(DS

Apperatus. - The tests were conducted on a full-scale air-
cooled cylinder mounted on a CUE crankcase. The auxiliary appara-
tus used in these tests was the same as that -used in reference 1
except that & heat exchanger was installed in the cooling-air line
to control the cooling-alr temperature and the exhaust system was
modified to permit engine operation at either atmospheric exhaust
pressure or at a reduced exhaust pressure.

A full-scele aircraft-engine cylinder with a dlsplacement of
202 cubic irnches was used for the tests; the engine conditions were:

CRC simu- Modified CRC sim-
lated cruise ulated cruise
Tnlet-eir temperature,. OF . 210 250
Spark edvance, deg B.T.C. 20 30
(both plugs) _
Exhaust pressure, inches of 29% 0.5 15 0.2
_ mercury absolute .

. - Campression ratio . 7.3 7.3
Engine speed, rpm 2000 2000
01l flow to piston Jets, pounds 8 8

per minute
- Fuel temperature at entrance to 60 to 80 60 %o 80
. injection pump, °F
Cooling-air temperature, OF 803 80+ 3
Valve timing:
Intake opens, deg B.T.C. 15 15
Intake closes, deg A.B.C. 44 44
Exhaust opens, deg B.B.C. 74 14
Exheust closes, deg A.T.C. 25 . 25

The exhaust pressure of 15 lnches of mercury was chosen because
data from this laboratory show the exlstence of a critical relation
between manifold and exhaust pressures and knock-llmited power in
the lean region where the manifold pressure is within +10 or -5 inches
mercury of the exhaust pressure. The advanced spark and increased
inlet-air temperature were chosen in an effort to obtain a more
severe opere.ting condition than the normal CRC cruise rating.

The cooling-alr flow was determined for each test by operating
the engine at a breke mean effective pressure of 140 pounds per
square Inch and a fuel-alr ratio of 0.10 and by edjusting the damper
valve in the cooling-air line until a rear spark-plug-bushing




RACA ARR NRo. E6Bl4 ' S

temperature of 365° F wes reached. The cooling-air pressure drop
across the cylinder thus determined was malntained constant for
each test,

Enock was detected with a magnetostriction pickup unit inserted
into the combustion chember and used in conjunction with a cathode-
ray oscillograph -

Test pgooedure. - In order to obtalin complete mixture-response
curves with the limited amount of fuel blends avallable, the special

procedures described in reference 1 were uaed at both operating
conditions.

Engine conditions were checked before each test-fuel run dy
obtaining four or five knoock points with the blend of 85 percent
8-4 reference fuel and 15 percent  M-4 reference fuol plus 4.0 ml
TEL per gallon.

Mixture-response curves for the refercnce fuels werc determined
at both operating condltions to bracket most of theo test fuels.
Friction runs were medo after eaéh test. '

Precision of tests. - The variatlion of the knock-limited indil-
cated mean effective pressure of tho fuel blend (85 percent S-4 and
15 percent M-4 plus 4 ml TEL/gal) used for checking ongine condi-
tlons from day to day 1s shown in figuro 1. The daily variation in
ongine behavior was comparableo with that obsorved in referonco 1 and
gmaller than that observed in reference 2. The curves traced in
figure 1 are the aversge of the data from several complete mixture-
regponse curves at each set of operating condltions. The power
variations among the several curves at each set of operating condl-
tionsewere negligible. The data for the full mixture-response
curves are not shown.

RESULTS AND DISCUSSION

The reference-fuel framework covering tests at both operating
conditions is presented in figure 2. From these figurés oross plots
were made (fig. 3) to facilitate conversion of the knock-limited
indicated mean effective pressures of the test fuels to lead ratings.
Figure 3 shows a definite irregularity in the lead susceptibility of
the S9-4 reference fuel particularly at the CRC crulse condlitions; the
reglon of irregularity exista from about 0.8 to 1.8 ml TEL per gal-
lon.. Because previous teste with almost the same equipment (refer-
ences 1 and 2) had not shown the irregularity, a series of check
tosts were made with identical results. Numerous instances of this -
irregularity have been published, however, and a further investiga-
tion was not warranted at this time.
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The knock-limited performence of the blends of. the four aro-
matic hydrocarbons and the base fuel is presented in figure 4 and
table I. All aromatic blends increased the knock-limited power of
the base fuel at both operating conditions but the greatest improve-
ment occurred at the CRC cruise conditions. The greatest lncrease
in performance over the base fuel in the rich reglon at both oper-
ating conditions was obtained with the p-cymene blend. In the lean
region at CRC cruiss conditions (fig. 4(a)), p-cymene permitted the
greatest improvement in knock~limited power over the base fuel
whereas at the more severe conditions (fig. 4(b)), p-oymene and
isobutylbenzene gave the best performance between fuel-air ratios
of 0.0 and 0.075. At both nperating conditions and all fuel-alr
ratios n-butylbenzene was the least effective of the four arcmatics
tested.

Figure 5 shows the knock-limited performence of the ether
blends and the base fuel. All the ether blends show an improvement
over the base fuel at both operating conditions. The methyl tert-
butyl ether blend gave the greatest Inorease in knock-limited per-
formence over the base fuel In the normal fuel-air-ratioc range at
both operating conditionsy at fuel-air ratios leaner than 0.065 at
the modified crulse condltlcne, however, ethyl tert-butyl ether
gave an equal increase Iin knock-limited performance. At the CRC
cruise conditions (fig. S5(a)) methyl phenyl ether was the least
offective of the ethers tested in the fuel-air-retlio range from
0.062 to 0.11. At the more severe conditions (fig. 5(b)) mothyl
phenyl ether gave the amallest increase in knock-limited power over
the base fuel between the fuel-air-ratio range from 0.0675 to 0,115
whereas in the extremely lean reglon (0.055 to 0.0675 fuel-air ratio)
the blond of ethyl phenyl ether gave the smallest imprcovement iIn
porformance over the base fuel.

The tertiary butyl ethers gave higher rafings than the phonyl
ethers except at very rich or very lean fuel-air ratios. The rating
of methyl p-tolyl other had a median value under the same conditions.

The data from figures 4 and 5 ars incorporated in table I with
the F-3, F-4, and full-scale cylinder ratings. Thc F-4 englne tests
on the ether blonds were incomplete and the dats were unavailable
for this report.

The corrolation of the full-scalc cylinder ratings of the aro-
matic blends with the F-4 ratings is shown in figure 6 on the basis
of imev ratio (ratio o1 the imep or thc test fuel to the imep of
the base fuel). At either set of operating conditions the lean
correlation 1s poor. The full-scale cylinder ratings aro generally
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higher than the F-4 ratings especlally at the CRC crulse condltlons
(fig. 6(a)). . The correlation of rich (0.10 fuel-alr ratio) ratings
are good at both operating conditions (fig. 6).

The correlation of the full-scale cylinder ratings of the aro-
matic blends with the F-3 ratings on the basis of performance
number are shown in figure.7. The correlation is poor at doth
operating conditions and indicates the well known tendency of the

F-3 englne to give low ratings to aramatic fuels.

Figure 8 presents the correlation 'between the full-scale cyl-
inder ratings of the ether blends and the F-3 ratings in terms of
performance numbers. The correlaticn at-the modified CRC crulse
conditions (fig. 8(1)) is slightly better than at the normal CRC
conditlons elthough neither is good. It 1s interesting to note
that in the rating of the ether blends the F-3 engine gave higher
ratings than the full-scale cylinder, indicating that the ether
blends are less sensitive to engine conditions than the reference
fuels.

SUMMARY OF RESULTS
Results of the knock tests on an alrcraft-engine cylinder at

two operating conditions are given in table I. The data indlcate
that:

l. The four aromatic hydrocarbons increased the knock
1imit of the base fuel at both operating conditions and p-cymene
gave the greatest increase at all condltions with the exception of
i1sobutylbenzene, which developed equivalent power in the lean reglon
(0.06 to 0.075 fuel-air ratio) under the modified CRC cruise con-
ditions.

2. The slx others increased the knock-limited power of the base
fuel at both operating conditions. Methyl tert-butyl ether gave the
greatest Increase throughout the normel fuel-alr-ratio range at the
CRC crulse conditions. Methyl tert-butyl ether malso gave the
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. greatest improvement. at the modified crulse comditions except at

.7 fusl-air ratiop leaner thah 0.065 where ethyl tert-butyl ether

"gave an equivalent ingrease in Imock-limited performancs.

Adrcraft Engine Research laboratory,
Netional Advisory Committee for Aercnautics,

Cleveland, Chlo.
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Figure 5. - Knock-limited gerformance of ether fuel blends. Compression ratio, 7.3; engine speed, 2000 rom; cooling air adjusted at 140 bmep and 0.10 fuel-air ratio to give a rear spark-plug-
bushing temperature of 385° F. -
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TABLE I.- COMPARISON OF RATINGS OBTAINED IN A FULL-SCALE CYLINDER WITH F-3. AND P-4 RATINGS

[Por each compound there are four rows of values. The first row is ikep, 1b/sq in.; the second is tetraesthyl lead in S refersnce fuel, ml/gal, except as
noted; the third is performance number; and the fourth 1s ratic of {mep of blend to imep of base fue].-_l
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{com Pull-:oll'e’ cylinder pratings 2000
compression ratlo, 3: engine speed, Trpa
Compound Concentration P-3 P-4 ratings Tnlet-air temperabu_rf, 210° F; spark Iniet-air temperature, 2509 F; spar
. in base fuel ratings advance, 209 B,T.C.; exhaust pressure, advance, 30° B.T.C.; exhsust pressure,
(percent by 29 30.5 inches mercury 15+ 0.3 inches mercury.
volume) Faol=air Tatlo —__Fuel-alr ratio —__Fuel-air ratio
0.070] 0,100 0.11 04065 0.07 0,08 0.08 0.10 0,065 0.07 0,08 0,09 0,10
Q-Butylbenzcno 25 120 200 204 176 176 203 233 260 147 148 175 20 2ge
885,5 | 894.0] 994,3 0.46 0.40 0.66 1,37 1.69 0.41 0.37 0.69 1,34 1,75
113 134 135 115 113 119 131 136 114 112 120 131 138
bO 96 | b1.168] P1,18 1.11 1.10 1.17 1.21 1,22 1.07 1.01 1.11 1,17 1,19
Isobutylbenzene 113 114 213 222 214 208 230 260 | 286 175 1I7¢ o | 228 21T
236.3 | 206.5] %97.6 1,97 1.67 1.77 2,16 2,54 2.60 1,64 2.20 2,36 3.04
114 141 145 138 136 136 140 143 144 135 140 142 147 -
b0.87) b1.25] 1,30 1,35 | 1,31 | 1.33 | 1,35] 1.3 1,27 | 1.22 | 1.25 | 1.29] 1,31
n-Propylbenzene 25 136 227 240 232 232 256 281 299 165 166 192 223 259
= 890.8 | BpB,5| 299.8 2.70 2.41 2.68 3.07 3,29 1.18 0.79 1,72 2,38 | >4.00
b 124 149 b 152 144 142 144 147 148 128 122 135 42 | > 183
1.08 § P1,30| P1,38 1.47 1.45 1.48 1,46 1,40 1.20 1.18 1,22 1,29 1,39
l=Isopropyl-4- 25 132 231 248 238 241 277 303 323 173 178 200 235 78
wethylbenzene 2g8.9 | 299 .4|>a 100 3,04 2:86 3.86 | >4,00 | >4.00 2.22 1.50 2.59 3.20 | >4.00
(rcyﬂm) 119 151 157 147 146 152 | > 153 { > 183 140 133 143 148 | > 153
51,03 { b1,34f b1.43 1,50 | 2,50 | 1,60 | 1,88 | 1,52 1.25 | 1,22 | 1.27 | 1,35 | 1.48
Nethyl tert-butyl ether 10 200 104 212 250 | 267 180 U1 185 il
B 1.59 1,33 1.28 1.5 1.87 0.84 0.79 1.11 1l.44 1,79
134 131 130 133 137 123 122 128 132 138
1.27 1,21 1,23 1.24 1.25 1.16 1,15 1.17 1l.18 1,19
Ethyl tert-butyl ether 10 188 185 204 229 248 160 165 18l 197 cl0
1.24 0.72 0.74 1.25 1.43 0.84 0.69 0,90 1.10 1.34
129 121 iel 130 132 123 120 124 127 131
1.19 1,16 1,18 1.19 1,16 1.18 1.13 1.15 1.14 1,12
Isopropyl tert-butyl - 10 185 185 200 223 248 160 180 199 20Y 214
ether 1.02 0.72 0.53 0.94 1.38 0.84 0.60 0.82 1.30 1.49
126 121 116 125 131 123 118 123 130t 13F
1,17 1.16 1.16 1.16 1.15 1,18 1.11 1.13 1.16 l.14
Nethyl phenyl ether 10 176 172 187 209 237 151 150 16€ 183 200
(anisole) 0.46 0.34 0,33 0.44 1,07 0.48 0,43 0.50 Q.52 0.66
118 112 m 1l 127 115 114 116 116 119
1,11 1.08 1.08 1.09 1.11 1.09 1.04 1.05 1,06 1.97
Bthyl phenyl ether 10 179 178 183 214 245 148 154 RY Y 194 210
(phenetole) 0.54 0,43 0,40 0.53 1.3¢ 0.42 0,48 0.6€ 0,88 1,34
117 114 - 113 11¢€ 131 114 115 119 125 131
1.13 1.1 1.12 1.11 1,15 1,07 1.07 1,10 1.12 1.12
Methyl petotyl ether 10 Lt L] 189 185 200 223 280 151 153 172 187 206
0,75 1.28 0.72 0.53 0.94 1.47 0.48 0.47 0.61 0,83 1.
130 121 116 125 132 115 115 118 119 127
1.20 1,16 1.16 1,16 1.17 1.09 1,26 1.09 1.8 1,10
Base fuel® 126 171 174 158 160 173 192 213 158 144 158 | 178 187
(872K 84 + 121 0463 %g7,.5 | %87.5| 287.5 0.23 | 0.22 | o0 | o3| 0.1 0.28 | 0.34 | 0.39 | o0.38 | o0.36
119 116 112 111 108 108 107 108 111 110 112 113 113 112
n=he :;nc +4.0 el mseman 1.00] 1,00 1,00 1.00 1.00 1.00 1.00 1.00 1.00 1.9 1.00 1.00 1.00
3, $-4 4+ la l-4 Py 152 156 171 187 208 130 137 181 166 180
+4,0m m/gal 0,39 0.17 .19 0.17 0.18 0.24 .19 0.27 0,31 0.30 0.28
113 106 107 108 107 108 107 110 111 111 110
Lr ettt debetnd 0,96 0,98 0,99 0,97 0,98 0,94 0¢85 0,96 0,96 0,96
Pnoonugc 8-4 reference fuel + 4.0 ml TEL/gal In n-heptane reference fuel + 4.0 ml TEL/gal.
Based on imep data of base fusl check curves taken with each test fuel, NATIONAL ADVISORY

fuel used for blending compounds. COMMITTEE FOR AERONAUTICS
@Bage fuel used in references 1 and 2 and for checking engine conditions, .
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